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We use micro-Raman spectroscopy to study strain profiles in graphene monolayers suspended
over SiN membranes micropatterned with holes of non-circular geometry. We show that a uniform
differential pressure load ∆P over elliptical regions of free-standing graphene yields measurable
deviations from hydrostatic strain conventionally observed in radially-symmetric microbubbles. The
top hydrostatic strain ε¯ we observe is estimated to be ≈ 0.7% for ∆P = 1 bar in graphene clamped
to elliptical SiN holes with axis 40 and 20µm. In the same configuration, we report a G± splitting
of 10 cm−1 which is in good agreement with the calculated anisotropy ∆ε ≈ 0.6% for our device
geometry. Our results are consistent with the most recent reports on the Gru¨neisen parameters.
Perspectives for the achievement of arbitrary strain configurations by designing suitable SiN holes
and boundary clamping conditions are discussed.
Keywords: graphene, strain, micro-Raman
Graphene displays a range of remarkable properties
that have catalyzed – since its discovery in 20041 –
an impressive interest in the scientific community2. Its
unique electronic behavior stems from the hexagonal hon-
eycomb structure of the carbon lattice, which forces low-
energy conducting electrons to assume a linear dispersion
that mimicks massless relativistic fermions3. In addition,
graphene displays an unusual mechanical strength, and
strains up to beyond 10% can be applied without dam-
aging appreciably its structure4. This feature, combined
with its intrinsic two-dimensional nature opens unique
perspectives for the investigation of strain engineering5–7
and for the development of novel device concepts8. In
fact, it has been predicted7,9, and in part experimen-
tally demonstrated10,11, that mechanical deformations in
graphene can be used to tailor its electron properties. As
a particularly inspiring possibility, it is known that a suit-
able deformation of the honeycomb lattice can be equiv-
alent to the application of a pseudomagnetic field6,12.
Achieving a controlled strain profile in graphene poses
non-trivial technical challenges and various alternative
approaches have been explored during recent years. Hy-
drostatic strain configurations were obtained using cir-
cular holes and a uniform differential pressure load13,14.
In this device architecture, local strain was also ex-
plored taking advantage of scanning probe techniques15.
Concerning uniaxial strain, various studies have demon-
strated the possibility to anisotropically deform graphene
deposited on polidimethylsiloxane (PDMS)16 or on sim-
ilar stretchable substrates17. An alternative promising
approach consists in anchoring graphene layers to micro-
electromechanical actuators18. More elaborated strain
profiles, in particular those giving rise to a pseudomag-
netic field, have been hard to demonstrate so far. In-
teresting experimental evidences have been put forward
FIG. 1: Straining graphene with a differential pressure
load. (a) Sketch of the device architecture. Monolayer CVD
graphene is transferred on a patterned SiN membrane. The
bottom of the chip is coupled to a vacuum chamber using
a polydimethylsiloxane layer. Deformed graphene is investi-
gated by micro-Raman spectroscopy as a function of the ap-
plied differential pressure ∆P . Right picture: optical image
of one of the CVD monocrystals deposited on the patterned
Si3N4.(b) Raman spectrum measured at ∆P = 0 (blue curve)
and ∆P = 0.9 bar (red curve) for an elliptical SiN membrane
with axes 20µm and 10µm.
in the context of random nanobubbles10 and fascinating
results have been obtained in deformed artificial honey-
comb structures mimicking the behavior of graphene11.
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2In practice, the achievement of custom strain profiles has
generally proved to be rather elusive.
In the present work, we demonstrate that non-trivial
strain profiles can be obtained in free-standing graphene
membranes that are clamped on an edge that is not ra-
dially symmetric and are subject to a vertical uniform
load using a pressure difference between the two opposite
faces of the graphene flake. In particular, we show that
loaded elliptical membranes display Raman features that
demonstrate the presence of an anisotropic component in
the induced strain profile, in good agreement with what
expected with the studied geometry. This proof of princi-
ple demonstration delineates a novel strategy for achiev-
ing and controlling complex strain profiles in graphene,
based on the design of custom clamping geometries for
free-standing graphene flakes.
Figure 1 shows the device architecture and set-up
adopted for this work. Free-standing graphene areas of
various shapes and dimensions were obtained using mi-
cropatterned SiN membranes as the mechanical support
for the graphene layer. Starting from a Si wafer dou-
bly coated in “pre-stressed” 300 nm of Si3N4, a combina-
tion of dry and wet etching protocols (see Supplementary
Information for further details) were adopted to obtain
suspended 500×500µm2 Si3N4 membranes with through
holes of various geometries. In the present study, we in-
vestigated a set of elliptical holes with various major (a)
and minor (b) axes: a×b = 5µm×10µm, 10µm×20µm
and 20µm×40µm. Circular holes were also investigated,
as reported in the literature14,19. Large-scale monocrys-
talline graphene flakes used in the present work were
obtained by CVD growth on Cu20 and transferred on
the Si3N4/Si chips using a standard “bubbling trans-
fer” technique21. As sketched in Fig. 1a, a differential
pressure ∆P is applied orthogonally to the free-standing
graphene region thanks to a 2 mm-thick polydimethyl-
siloxane (PDMS) coupling layer placed on top of a modi-
fied microscope slide. As a result, the top side of the free-
standing graphene region is subject to ambient pressure
(conventionally P0 = 1 bar) while the bottom space can
be partially or completely evacuated with a scroll pump.
Static vacuum tests were performed to verify the stabil-
ity of ∆P , which was found to decay over a time scale of
various hours: this ensures pressure values measured by
the gauge are meaningful. Maps were always performed
under active pumping conditions, at ∆P = 1 bar.
Local graphene deformation is investigated by micro-
Raman spectroscopy, using an inVia confocal system
by Renishaw equipped with a polarized λ = 532 nm
laser source. The Raman signal was collected through
a 50X objective with N.A.=0.75 and analyzed by a 1800
grooves/mm grating. Raman maps were collected us-
ing a laser power of 1 mW to minimize the impact of
local heating. In Fig. 1b we report the measured Ra-
man spectra collected at the center of a 10µm × 20µm
elliptical graphene region, for ∆P = 0 (blue curve) and
∆P = 0.9 bar (red curve): as expected, theG and 2D Ra-
man peaks are significantly red shifted by the strain in
FIG. 2: Impact of strain on the 2D peak. (a) Map of
the position of the 2D peak for ∆P = 0: the peak position
is mostly uniform with a slight red shift over the suspended
region (see discussion in the main text). (b) The application
of a differential pressure ∆P = 1 bar leads to a dome-shaped
shift, which is maximal at the center of the membrane. As
further argued based on the data presented in Fig. 3, this
effect can be explained as the consequence of a hydrostatic
strain ε¯ in the elliptical hole. (c) Evolution of the Raman
shift as a function of the parameter η = (∆P/P0)
2/3, which
is proportional to ε¯. A linear regression of the observed Ra-
man shift (excluding the value at η = 0) and a comparison
with numerical estimates of the strain yields a Gru¨neisen pa-
rameter consistent with the most recent results reported in
the literature. (d) Sketch of the D mode in graphene, whose
second order causes the 2D Raman resonance.
the suspended graphene region. Importantly, the mod-
ification of the Raman spectra was always found to be
completely reversible upon removal of the pressure load:
this proves that no measurable adjustment nor sliding of
graphene occurs during our experiments.
The most evident impact of deformation is visible in
Fig. 2, where we compare the map of the 2D peak Ra-
man shift ω2D for ∆P = 0 (Fig. 2a) and ∆P = 1 bar
(Fig. 2b). For symmetry reason its center frequency is
sensitive to the hydrostatic component of the strain ten-
sor εij , which we name ε¯ = (εxx+εyy)/2. Experimentally,
the 2D peak displays a maximal red shift at the center
of the suspended region, similarly to what reported for
inflated circular graphene membranes14. The quantita-
tive evolution of the shift versus ∆P is highlighted in
Fig. 2c where we report ω2D measured at the maximal
shift region in the center of the ellipse. The phononic
mode giving rise to the higher order 2D peak is sketched
in Fig. 2d. Raman shifts at various pressure loads are
compared with η = (∆P/P0)
2/3, where P0 = 1 bar: all
3FIG. 3: Strain-induced shift and splitting of the G peak. (a) Map of the Raman shift ωG obtained by fitting the
G peak with a single Lorentzian curve. (b) Simulated average strain map ε¯ = (εxx + εyy)/2 at ∆P = 1 bar. (c) Map of
the peak broadening ΓG obtained by fitting the G peak with a single Lorentian curve. (d) Simulated strain anisotropy map
∆ε =
√
(εxx − εyy)2 + 4ε2xy at ∆P = 1 bar. (e) Multi peak fit of the G peak at ∆P = 1 bar measured at the center of the
elliptical hole. The resulting positions of the G+ (red curve and markers) and G− (green curve and markers) peak versus ∆P
are reported in the inset along with a weighted linear fit. (f) Sketch of the G+ and G− modes in the presence of an arbitrary
anisotropic strain.
the components of the strain tensor εij at the center
of the membrane are in fact expected to scale linearly
with the power 2/3 of the pressure load (see Supplemen-
tary Information). The overall dependence of ω2D as
a function of ∆P and of the position on the ellipse is
found to be largely consistent with reports on the sim-
pler case of radially symmetric graphene clamping and
with the most recent estimates of the Gru¨neisen parame-
ters13,17,22. We also note that, consistently with reported
data13, the value of ω2D for ∆P ≈ 0 is found to display
a further surprising red shift. This effect was previously
attributed to uncertainties in the exact determination of
∆P 13. We believe that an additional reason for the shift
is possibly related to graphene adhesion on the vertical
sidewalls of the SiN hole, which is known to occur in this
kind of graphene drums13 and could be relevant in the
low-∆P regime. The verification of this hypothesis will
likely require a combined Raman and atomic force mi-
croscopy study at low pressure loads, that goes beyond
the scope of the present work. Further details regarding
the numerical calculation of the εij tensor as a function of
∆P and scaling rules are reported in the Supplementary
Information.
While hydrostatic deformations explain well the coarse
evolution of the Raman spectra, the strain profiles in our
elliptically clamped graphene membranes are expected
to display a marked deviation from a uniform strain
configuration and a larger strain can be expected along
the shorter axis of the ellipse. More in general, the
anisotropic component of the strain field can be expressed
through the invariant
∆ε =
√
(εxx − εyy)2 + 4ε2xy (1)
corresponding to the difference between two eigenvalues
of the strain tensor ε = ε¯±∆ε/2. It is well known22 that
strain anisotropy, when sufficiently large, can be detected
in Raman spectroscopy as a splitting of the degenerate
phononic modes G±. In Fig. 3 we report a detailed study
of the Raman spectrum of the G peak region as a func-
tion of ∆P . Data reported in Fig. 3 refer to the largest
explored Si3N4 elliptical 20 × 40µm2 hole: larger sus-
pended areas in fact correspond – for a given value of
∆P – to a larger anisotropic strain ∆ε.
A first rough analysis was performed by fitting the
Raman data with a single lorentzian peak. As visible
in Fig. 3a, the resulting map of the Raman shift ωG at
∆P = 1 bar is found to be consistent with the ω2D map
reported in Fig. 2a. For comparison, we report in Fig. 3b
the map of ε¯ calculated for the same pressure load. A
top hydrostatic strain of 0.68% is expected, in agreement
with the observed red shift of the G peak and known val-
ues of the corresponding Gru¨neisen parameter (see Sup-
plementary Information for further details). As argued
in the following, on the other hand, hydrostatic strain is
not sufficient to satisfactorily describe the evolution of
4the G peak as a function of the pressure load. Indeed,
a non-trivial broadening is visible in Fig. 3c, where we
report the FWHM ΓG resulting from the same fitting
procedure. The observed broadening displays a peculiar
“saddle point” spatial evolution, with a ΓG broadening
which is significantly smaller than the average at the top
and bottom apexes of the elliptical hole. Remarkably,
a very similar pattern is visible in Fig. 3d, displaying
the calculated ∆ε for the same clamping geometry, at
∆P = 1 bar. This suggests that, beyond mechanisms
highlighted in recent works13, broadening in our experi-
ment is also connected to strain anisotropy.
A more detailed investigation of the broadening mech-
anism was performed through the analysis of the G peak
measured at the center of the elliptical hole, which repre-
sents a good trade-off between the expected value of ∆ε
and the minimization of the impact of the borders of the
Si3N4 hole. In this position, numerical estimates indicate
that a top anisotropic strain component ∆ε = 0.64% can
be expected. The Raman spectrum in the G peak region
for ∆P = 1 bar is reported in Fig. 3e: the peak displays
a lineshape which is clearly consistent with the superpo-
sition of two nearby lorentzian peaks, which we interpret
as corresponding to the G+ and G− modes in uniaxi-
ally strained graphene (see Fig. 3f). A similar analysis
(see Supplementary Information for further information
concerning the fitting procedure) was performed for var-
ious values of ∆P and the resulting peak positions are
reported in the inset to Fig. 3e. Two divergent peaks are
obtained with a top splitting of about 10 cm−1, which
is in very good agreement22 with what expected for an
anisotropy ∆ε = 0.64%. A weighted linear regression of
the two peak positions ωG± yields two remarkably linear
trends in η that converge almost exactly for ∆P = 0, as
expected.
Our work demonstrates that non-trivial strain profiles
can be obtained in Si3N4 holes with an elliptical shape,
and that a sizable anisotropic component in the graphene
strain can be obtained. Similarly, we expect that more
in general the clamping geometry can be used to de-
sign even more advanced non-uniform and non-isotropic
strain profiles, taking advantage of a relatively robust
implementation with no free graphene edges. In view
of the possibility to impact the electronic states via the
engineering of custom strain profiles, the observed G±
splitting phenomenology has also been compared with
a first-principle calculation on an atomistic model sys-
tem mimicking the experimental setup. To this end, we
have simulated an unstrained suspended graphene layer
with an elliptic-shape depression (see inset of Fig. 4). To
reproduce the experimental configuration, we have fixed
the position of the carbon atoms external to the ellipse to
a “zero” height, as it happens for graphene on Si3N4 sub-
strate, and the effect of the vertical load has been repro-
duced by fixing the two carbon atoms at the center of the
ellipse (blue dots in the inset) at a lower vertical position
and leaving all the other carbon atoms in the ellipse free
to relax in order to reach the minimum energy structure.
The simulation has been performed on a 7.4 A˚×12.8 A˚ el-
lipse containing a total of 22 carbon atoms. The Raman
spectra of the system have been calculated by means of
density functional perturbation theory23 as implemented
in QUANTUM-ESPRESSO code24, with local density
approximation and norm-conserving pseudopotential for
the carbon atoms25. We used a plane wave expansion up
to 80 Ry cutoff and 4× 4× 1 Monkhorst-Pack mesh26 for
the sampling of the Brillouin zone. The ellipse depres-
sion was created in the central part of a 5 × 5 graphene
supercell with lattice parameter a0 = 12.30 A˚.
In the absence of strain, the frequency of the degener-
ate G phononic mode is ωG = 1555 cm
−1. The numerical
result is smaller than the one experimentally observed for
graphene not subject to pressure loads, as likely due to
doping and to the interaction with the Si3N4 substrate.
For ∆P 6= 0, the value of the effective strain along the
ellipse axes has been estimated from the depth of the two
central carbon atoms, δ, and the length of the principal
axes of the ellipse, a and b: e.g. for the major axis we
have εa ∼ (2L − a)/a where L ∼
√
(a/2)2 + δ2 is the
profile length for the depression along the a direction;
the same holds for the minor axis. The results of the
calculation are shown in Fig. 4: the asymmetry of the
strain due to the elliptical geometry of the depression is
responsible of an averaged splitting of the G peak mode,
that is found to be of the same order of magnitude as
the one experimentally induced by uniaxial strain on the
graphene layer17.
FIG. 4: Position of the G± peak as function of the major
axis strain. The slope of the Raman shifts are ∂ωG−/∂εa ∼
−33 cm−1/% for G− and ∂ωG+/∂εa ∼ −21 cm−1/% for G+.
The inset shows the simulation cell (green) containing the
ellipse. The lowest fixed carbon atoms are indicated in blue.
In conclusion, we have provided evidence of an incip-
ient splitting of the G mode in free-standing graphene
regions clamped to an elliptical hole in Si3N4 and sub-
ject to a uniform differential pressure load. Our results
indicate a promising route to induce custom strain pro-
files, which can be controlled by the applied pressure
load and designed according to the chosen geometry of
5the supporting Si3N4 frame. We also highlight that our
experiment has been performed using large scale CVD
monocrystalline graphene flakes, thus providing a route
for scalable strain-engineered graphene devices. Finally,
we would like to stress that present results have been
obtained using a vacuum chamber to induce a maxi-
mal load ∆P = 1 bar. A recent report13 demonstrates
that using pressurized gas as a load it is possible to
reach ∆P = 14 bar, potentially leading to significantly
increased achievable strain magnitude (about a factor six
larger strain can be expected) and/or to less stringent
limits on the minimal area of the Si3N4 holes.
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6Supplementary Information
Appendix A: Numerical calculation of the strain
profiles
Strain profiles for graphene clamped on an elliptical
boundary were calculated using the finite element soft-
ware COMSOL, using a Young modulus E = 1 TPa,
a Poisson ratio ν = 0.165 and assuming the conven-
tional thickness h = 0.335 nm1. Results were studied
as a function of the mesh density to rule out spurious
effects. Interestingly, the simulation result does not de-
pend in any significant way on the number of mesh layers
in the vertical direction and the same results are ob-
tained even using only a single layer mesh. This in-
dicates that the simulated configurations almost exclu-
sively depend on the elastic stretching of the membrane
in the plane direction, while the bending modulus does
not appear to have any measurable impact in the sim-
ulated configurations. This is relevant to our experi-
ment, since it is well-known that graphene – being a
strongly anysotropic material – displays a bending mod-
ulus which is different from (in particular, smaller than)
the value D = Eh3/12(1 − ν2), which can be calculated
assuming three-dimensional isotropic mechanical prop-
erties and the conventional thickness h. The fact that
our numerical result are only sensitive to planar defor-
mations ensure that they are not affected by mechanical
anisotropy of graphene.
FIG. S1: Expected strain anisotropy on elliptical mem-
branes. (a) Map of the strain anisotropy ∆ε for a load
∆P = 1 bar. (b) Map of the angle θ between the xˆ axis and
the main strain axis of the deformed graphene membrane. In
regions where ∆ε is large we obtain θ ≈ 0 and thus the strain
anisotropy is in good approximation always directed along the
xˆ axis.
The resulting εij tensor was thus decomposed into its
hydrostatic and anisotropic component εij = ε¯δij + δεij ,
1 C. Lee, X. Wei, J. W. Kysar, et al. “Measurement of the elastic
properties and intrinsic strength of monolayer graphene”. Sci-
ence, 321, 385388, (2008).
where ε¯ is the average strain. The two-dimensional devia-
toric strain δεij will have two eigenvalues ±∆ε/2, where
∆ε is the strain anisotropy, i.e. the difference between
the strain eigenvalues of εij . It should be noted that the
anisotropy is mainly, but not exacly directed along the
minor axis of the elliptical hole. In Fig. S1, we report the
map of ∆ε (panel a) and the direction of the main strain
axis (panel b). In the regions where ∆ε is large, the
main strain axis has an almost constant direction coinci-
dent with the xˆ axis. The main strain axis was calculated
according to
tan 2θ =
2εxy
εxx − εyy . (A1)
The evolution of the strain magnitude in general, and
of the strain anisotropy in particular, as a function of the
pressure load ∆P is analyzed in Fig. S2. For thin circu-
lar membranes, it is well known2,3 that the maximum
displacement δ at the center of the membrane scales at
δ ∝ ∆P 1/3. This, combined with simple assumptions
about the shape of the deformed membranes4,5 leads to
a strain tensor which satisfies εij ∝ ∆P 2/3. Our nu-
merical calculations indicate that the same dependence
holds for elliptical membranes. In panel (a), we report
the value of the vertical displacement at the center of an
elliptical 40µ × 20µm membrane, as a function of the
parameter (∆P/P0)
1/3 and confirm a linear dependence
between the two. In panel (b), we report the value of εxx
and εyy. We note that at the center of the ellipse εxy = 0
for symmetry reasons and thus ε¯ = (εxx + εyy)/2 and
∆ε = |εxx − εyy|. All the strain parameters are found
to depend, up to a very good approximation, linearly on
η = (∆P/P0)
2/3.
Appendix B: Gru¨neisen parameters
Based on our numerical results, the experimental Ra-
man shifts can be used to extract an estimate of the
Gru¨neisen parameters for the G and 2D resonances in
graphene. Experimentally, both ∆ωG and ∆ω2D shift lin-
early in η = (∆P/P0)
2/3, except for ∆P ≈ 0, where they
are typically found to display a further red shift and to
2 H. Hencky. “Uber den Spannungszustand in kreisrunden Platten
mit verschwindender Biegungssteifigkeit”. Z. Math. Phys., 63,
311317, (1915).
3 U. Komaragiri, M. Begley, and J. Simmonds. “The mechan-
ical response of freestanding circular elastic films under point
and pressure loads”. Journal of Applied Mechanics, 72, 203212,
(2005).
4 Y. Shin, M. Lozada-Hidalgo, J. L. Sambricio, et al. “Raman
spectroscopy of highly pressurized graphene membranes”. Ap-
plied Physics Letters, 108, 221907, (2016).
5 J. S. Bunch, S. S. Verbridge, J. S. Alden, et al. “Imperme-
able atomic membranes from graphene sheets”. Nano Letters, 8,
24582462, (2008).
7FIG. S2: Dependence of strain versus the pressure
load. (a) The calculated vertical displacement at the cen-
ter of the ellipse (axes 40µm × 20µm) is found to be pro-
portional to (∆P/P0)
1/3, consistently with known results on
circular membranes. (b) The corresponding strain compo-
nents εxx and εyy (εxy = 0 at the center of the membrane)
are shown: both the components, and thus also ε¯ and ∆ε, are
proportional to (∆P/P0)
2/3. The values obtained at η = 1
are ε¯ = 0.68% and ∆ε = 0.64%.
slightly depart from linear dependence. A similar effect
was reported in recent literature and it was attributed to
uncertainties in the determination of the exact value of
∆P . We argue that a possible further source of the ef-
fect could also be related to the pre-stress of the graphene
membrane due to adhesion to the vertical walls of the SiN
hole6. This effect is expected to be relevant for low val-
ues of ∆P , while large pressure loads can be expected to
lead to a detachment of graphene from the sidewalls. We
6 C. Lee, X. Wei, J. W. Kysar, et al. “Measurement of the elastic
properties and intrinsic strength of monolayer graphene”. Sci-
ence, 321, 385388, (2008).
notice that, together with substrate doping, sidewall ad-
hesion could also cause the red-shift of the Raman peaks
observed on suspended graphene with respect to the SiN
substrate (see Fig. 2a in the main text). The impact
of adhesion is expected to be visible in atomic force mi-
croscopy as a function of ∆P , but such a test could not
be performed in the present experiment. This deviation
was disregarded in our analysis and all linear fits were
performed excluding the Raman shift value at ∆P = 0.
Based on our numerical results, we obtain for η = 1 an
average strain ε¯ = 0.68% and ∆ε = 0.64%. Using this
calibration, we extract the following peak shift parame-
ters: −134 cm−1/% for the 2D peak; −58.6±3.2 cm−1/%
for the average between the G+ and G− peak positions;
13.8±0.8 cm−1/% for the G peak splitting. This yields to
γG = 1.83±0.10, βG = 0.87±0.05 and γ2D = 2.64±0.11.
Errors were calculated based on a 40 mbar uncertainty
over the value of ∆P and on the consequent fit errors.
Our results are compatible with recent works on strained
graphene7,8,9.
Appendix C: Fit procedures
Maps reported in Fig. 3a and 3c were obtained by
fitting the G region of the Raman spectra (over the
range going from 1400 cm−1 to 1700 cm−1) using a single
lorentzian peak
A
(ΓG/2)
2
(∆ω −∆ωG)2 + (ΓG/2)2
+B (C1)
For samples presenting a clear peak related to disorder,
a further lorentzian was added to the fit procedure and
subtracted from the dataset. In the G± analysis, two
lorentzian peaks were used. In this case, the value of
the peak widths ΓG± were locked to the value obtained
for ∆P = 0. Fitting the data with free ΓG± did not
impact in any significant way the best fit values ∆ωG±
but yielded an artificially low value of the error on the
estimate of the peak positions.
7 Y. Cheng, Z. Zhu, G. Huang, et al. “Gru¨neisen parameter of the
G mode of strained monolayer graphene”. Physical Review B,
83, 115449, (2011).
8 T. Mohiuddin, A. Lombardo, R. Nair, et al. “Uniaxial strain in
graphene by Raman spectroscopy: G peak splitting, Gru¨neisen
parameters, and sample orientation”. Physical Review B, 79,
205433, (2009).
9 Y. Shin, M. Lozada-Hidalgo, J. L. Sambricio, et al. “Raman
spectroscopy of highly pressurized graphene membranes”. Ap-
plied Physics Letters, 108, 221907, (2016).
8Appendix D: Sample fabrication
Free-standing graphene regions were obtained using
SiN membranes patterned with through holes with vari-
ous geometries. These were achieved by patterning, us-
ing UV lithography and conventional photoresist, the
back side SiN with a square with an approximate size
of 700 × 700µm2. The SiN layer was then removed by
dry etching (200 W plasma using CF4 and H2 with a flow
of 20 and 10 sccm, respectively). In a second pattern-
ing, the desired hole geometries are defined on the front
side using an aligned e-beam lithographic step and CSAR
AR-P6200 resist. After a second dry etching process, the
sample is dipped for about 3.5 hours in a KOH:H2O (1:2)
solution heated at 80 ◦C. The top holes in the nitride are
created when the SiN membrane is still attached to the
bulk of the Si chip and the wet etching of the Si allows
a progressive release of the membrane and a relaxation
of built-in strain in the SiN. This procedure is crucial
to define holes with a geometry which is more complex
than a standard circular hole. When holes have a geom-
etry with large strain accumulation points (such as, for
instance, in the case of ellipses with a large eccentricity)
a direct etching of the suspended SiN can in fact easily
lead to a breakdown of the membrane during the nitride
etching.
Large monocrystals (typical size 100−200µm) of CVD
graphene were grown on oxygen-passivated copper foil us-
ing an Aixtron BM Pro cold-wall reactor at a pressure
of 25 mbar and a temperature of 1060 ◦C. To allow pre-
cise positioning of monocrystals over the elliptical holes,
graphene was deposited on SiN substrates using semi-dry
transfer, outlined in the following. Graphene was coated
with a PMMA support layer and detached from the
Cu growth substrate using electrochemical delamination
(“Bubbling transfer”). Utilizing a semi-rigid polyimide
frame, a freestanding graphene/PMMA membrane was
rinsed in deionized water and dried. Finally, a microma-
nipulator stage was used to align the graphene/PMMA
membrane with the elliptical holes and to attach it to the
target substrate.
